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In Brief
Selective accumulation of immune suppressive regulatory T cells in female offspring in response to maternal cell microchimerism enforces tolerance to overlapping fetal antigens during nextgeneration pregnancies. This highly conserved mechanism promotes reproductive fitness by preserving conservation of non-inherited maternal traits.
INTRODUCTION
Reproductive health and pregnancy outcomes have traditionally been characterized from the viewpoint of maternal tolerance to immunologically foreign paternal antigens expressed by the fetus (Erlebacher, 2013; Munoz-Suano et al., 2011) . However, compulsory fetal exposure to an equally diverse array of discordant non-inherited maternal antigens (NIMA) also occurs during in utero and early postnatal maturation. Maternal antigen stimulation in these developmental contexts imprints remarkably persistent tolerance to genetically foreign NIMA in offspring (Dutta et al., 2009; Hirayama et al., 2012; Mold and McCune, 2012) . Pioneering examples of tolerance to NIMA include blunted sensitization to erythrocyte rhesus (Rh) antigen among Rh-negative women born to Rh-positive mothers (Owen et al., 1954) and selective anergy to NIMA-specific HLA haplotypes among transfusion dependent individuals broadly exposed to foreign HLA (Claas et al., 1988) . More recently, prolonged survival of NIMA-matched human allografts after solid organ transplantation (Burlingham et al., 1998) and reduced graft versus host disease among NIMA-matched stem cell transplants highlight clinical benefits of NIMA-specific tolerance that persists in individuals through adulthood (Ichinohe et al., 2004; Eikmans et al., 2014; van Rood et al., 2002) .
In human development, tolerance to mother begins in utero with suppressed activation of maturing immune cells with NIMA specificity for infants with a full numerical complement of adaptive immune components at the time of birth (Mold and McCune, 2012; Mold et al., 2008) . In this scenario, postnatal persistence of NIMA-specific tolerance represents an expendable developmental remnant of immune suppressive mechanisms essential for in utero survival. However, this reasoning does not explain why tolerance imprinted by exposure to foreign antigens in utero is widely conserved across mammalian species (e.g., non-human primates, ruminants, rodents) regardless of fetal adaptive immune cell maturation relative to parturition (Billingham et al., 1953; Burlingham et al., 1998; Dutta and Burlingham, 2011; Owen, 1945; Picus et al., 1985) . For example, prolonged survival of NIMA-matched allografts in humans is consistently reproduced in mice despite the absence of peripheral T cells at the time of birth in this species (Akiyama et al., 2011; Andrassy et al., 2003; Araki et al., 2010; Matsuoka et al., 2006) . These results illustrating highly engrained phylogenetic roots of NIMA tolerance in mammalian reproduction strongly suggest the existence of universal biological benefits driving conserved tolerance to NIMA that persists through adulthood.
Given the necessity for sustained maternal tolerance to foreign fetal antigens in successful pregnancies across all eutherian placental mammals (Samstein et al., 2012) , postnatal NIMA-specific tolerance may be evolutionarily preserved to promote reproductive fitness by reinforcing fetal tolerance in future generation pregnancies. To address this hypothesis, immunological tools that allow precise identification of T cells with NIMA-specificity were uniquely combined with mouse models of allogeneic pregnancy, and pregnancy complications stemming from disruptions in fetal tolerance (Chaturvedi et al., 2015; Rowe et al., 2011; Rowe et al., 2012b) . Our data show obligatory developmental exposure to foreign maternal tissue primes expanded accumulation of NIMA-specific immune suppressive regulatory CD4 T cells (Tregs) that reinforce fetal tolerance during next-generation pregnancies sired by males with overlapping MHC haplotype specificity. Expanded NIMA-specific Treg accumulation requires ongoing postnatal cognate antigen stimulation by maternal cells that establish microchimerism in offspring. In the broader context, cross-generational reproductive benefits conferred by tolerance to NIMA indicate genetic fitness is not restricted only to transmitting homologous chromosomes by Mendelian inheritance but is enhanced through vertically transferred tolerogenic cells that establish microchimerism in offspring favoring preservation of non-inherited maternal alleles within a population.
RESULTS

Developmental Exposure to Maternal Tissue Drives
Expanded NIMA-Specific Regulatory T Cell Accumulation To investigate the fundamental biology driving conserved persistence of NIMA tolerance across mammalian species, an instructive allogeneic mating strategy that transforms defined model antigens into surrogate NIMA was developed to precisely track T cells with NIMA specificity. Female mice heterozygous for a transgene encoding constitutive expression of a transmembrane recombinant protein containing ovalbumin (OVA) and the 2W1S 55-68 variant of I-Ea in all cells (behind the b-actin promoter) (Moon et al., 2011; Rees et al., 1999) were mated with non-transgenic males-thereby transforming 2W1S [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] and OVA into surrogate NIMA in half the offspring ( Figures S1A and S1B Figures S1C and S1D ). Sharply increased proportions of immune suppressive regulatory T cells (Tregs) identified by expression of the lineage defining FOXP3 transcriptional regulator (Fontenot et al., 2003; Hori et al., 2003) were found among CD4 + T cells with I-A b :2W1S 55-68 specificity in adult NIMA-2W1S mice compared with age-matched naive mice, and additional control mice exposed to the identical 2W1S-OVA recombinant protein as a surrogate NIPA or ubiquitous ''self'' antigen ( Figures 1A and S1 Figure 1D ). The results highlighting tolerogenic properties of maternal cells in mouse offspring parallel the presence of maternal hematopoietic cells in human fetal lymph nodes during in utero development (Mold et al., 2008) and suggest compulsory developmental exposure to genetically foreign maternal tissue actively primes expansion of immune suppressive Tregs with NIMA specificity. Expanded NIMA-specific Treg accumulation may reflect in utero and/or postnatal exposure to foreign maternal antigen (e.g., soluble maternal HLA alloantigens, intact maternal cells in breast milk) (Molitor et al., 2004; Zhou et al., 2000) . To dissociate the contributions of maternal antigen stimulation during each developmental context, the individual impacts of in utero and early postnatal NIMA exposure through breastfeeding were evaluated by cross-fostering offspring after birth with naive or 2W1S-OVA + nursing mothers. In agreement with improved survival of NIMA-matched allografts in transplant recipients exposed to maternal antigen both in utero and through breastfeeding (Andrassy et al., 2003; Campbell et al., 1984) , maximal NIMA-specific Treg expansion required in utero plus postnatal maternal antigen stimulation ( Figure 1E ). Comparatively, Helios expression remained at diminished levels with maternal tissue exposure in utero or through breastfeeding suggesting maternal antigen stimulation in either developmental context primes enriched proportions of NIMA-specific CD4 + T cells poised for induced FOXP3 expression ( Figure 1E ). Taken together, these findings indicate immunologically foreign maternal antigen stimulation in utero and through breastfeeding work synergistically to promote expanded peripheral accumulation of NIMA-specific Tregs.
Microchimeric Maternal Cells Maintain Expanded NIMA-Specific Tregs
Persistence of NIMA-specific tolerance coincides with postnatal retention of microchimeric maternal cells in adult human and rodent offspring (Dutta et al., 2009; Loubiè re et al., 2006; Maloney et al., 1999; Mold et al., 2008 cells. We found OVA-encoding DNA, reflective of 2W1S-OVA + maternal cells in systemic organs (e.g., heart, liver), at levels ranging from 1 in 10 5 to 10 6 cells in NIMA offspring consistent with quantities of microchimeric maternal cells identified using PCR for MHC haplotype alleles (Bakkour et al., 2014; Dutta et al., 2009; Mold et al., 2008) (Figures 2A and S2A) .
To definitively address the cause and effect relationship between NIMA-specific tolerance and microchimeric maternal cells, anti-OVA antibody that uniformly binds 2W1S-OVA + cells was used to deplete microchimeric 2W1S-OVA + maternal cells ( Figure 2B ). In line with the efficiency whereby anti-OVA antibody depletes congenically marked 2W1S-OVA + cells after adoptive transfer into non-transgenic recipients ( Figure S2B ), OVA encoding DNA representative of microchimeric 2W1S-OVA + cells in each organ of NIMA offspring declined sharply within 12 days following in vivo anti-OVA antibody administration ( Figure 2A ). Remarkably, NIMA-2W1S-specific Treg accumulation and cellintrinsic Helios downregulation both returned to background levels found in naive control mice after elimination of microchimeric 2W1S-OVA + cells within this time frame ( Figure 2C ).
Thus, microchimeric maternal cells provide an essential source of cognate maternal antigen required for sustaining postnatal NIMA-specific tolerance.
Selectively Enriched NIMA-Specific Treg Expansion in Female Offspring Accentuated during Pregnancy with NIMA-Matched Fetal Antigen Stimulation Given the necessity for expanded maternal tolerance that encompasses immunologically foreign paternal-fetal antigens in successful pregnancy shared by all eutherian placental mammals (Erlebacher, 2013; Munoz-Suano et al., 2011; Samstein et al., 2012) , we reasoned reinforced fetal tolerance that promotes reproductive fitness may represent a more universal evolutionary driver for conserved NIMA-specific tolerance. This notion is supported by highly enriched microchimeric 2W1S-OVA + maternal cells in female reproductive tissue (uterus) of NIMA offspring, and their conspicuous absence in analogous male reproductive tissue (prostate) ( Figure 3A ). In turn, NIMAspecific Treg expansion and reduced Helios expression were markedly more pronounced in female compared with male NIMA-2W1S littermate offspring ( Figure 3B ). Thus, genderspecific differences favoring more robust NIMA-specific Treg expansion in females parallel the selective accumulation of microchimeric maternal cell in female reproductive tissue. To further investigate the reproductive significance for genderspecific differences in postnatal persistence of NIMA-specific tolerance, shifts in NIMA-specific CD4 + T cells were evaluated in females during pregnancy after cognate fetal antigen stimulation. During allogeneic pregnancies sired by 2W1S-OVA + transgenic males, sharply accelerated expansion tempo occurred among 2W1S-specific Tregs in NIMA-2W1S female mice compared with naive control mice (7.2-fold compared with 3.4-fold expansion by midgestation in NIMA and naive mice, respectively [p = 0.004]) (Figure 4 ). Accelerated NIMA-specific Treg expansion tempo during pregnancy represents a targeted response to cognate 2W1S stimulation by shared fetalexpressed antigen because NIMA-2W1S-specific Tregs did not expand during pregnancies sired by non-transgenic male mice (Figure 4) . Thus, mammalian females contain an enriched pool of NIMA-specific Tregs poised for accelerated re-expansion upon encounter with paternal-fetal antigen of overlapping specificity during pregnancy. H-2 k -along with 2W1S and OVA antigens), were transformed into surrogate NIMA to investigate functional properties of tolerance in the setting of broader NIMA overlap ( Figure S3 ). In turn, the protective properties of NIMA-specific tolerance were probed by infection with the prenatal bacterial pathogen, Listeria monocytogenes, which disrupts fetal tolerance with ensuing fetal wastage (Chaturvedi et al., 2015; Mylonakis et al., 2002; Rowe et al., 2012a) . We found fetal resorption and in utero L. monocytogenes invasion after prenatal infection in naive mice bearing allogeneic pregnancy were eliminated by overlap between NIMA and paternal-fetal MHC haplotype antigens (NIMA H-2 d females mated with H-2 d Balb/c male mice) ( Figures   5A and S3 ). Protection against fetal wastage occurred in an antigen-specific fashion requiring commonality between NIMA and paternal-fetal antigens since fetal resorption and in utero bacterial invasion each rebounded when third-party males bearing irrelevant MHC haplotype alleles (e.g., H-2 k CBA/J mice) were used to sire allogeneic pregnancy in NIMA H-2 d female mice (Figures 5A and S3) . Thus, protection against prenatal infection conferred by non-inherited antigenic overlap between maternal grandmother and the developing fetus highlights profound cross-generational benefits of persistent NIMAspecific tolerance.
Microchimeric Maternal Cells Enforce CrossGenerational Protection against Fetal Wastage
Given the requirement for postnatal maternal microchimerism to maintain expanded NIMA-specific tolerance (Figure 2 and fetal-expressed OVA antigen was avoided by exclusively using non-transgenic H-2 d Balb/c male mice to sire allogeneic pregnancy in H-2 d -2W1S-OVA NIMA female mice ( Figure S3 ). This analysis showed depletion of microchimeric maternal cells prior to mating efficiently overturns protection against fetal resorption and in utero L. monocytogenes invasion in NIMA female mice ( Figure 5A ). Importantly, these reproductive benefits were not restricted to NIMA H-2 d haplotype alleles since fetal resorption and in utero L. monocytogenes invasion were each similarly averted among NIMA H-2 k female mice during allogeneic pregnancy sired by H-2 k CBA/J male mice ( Figure 5B ).
Conversely, protection against fetal wastage was lost in NIMA H-2 k female mice if NIMA mismatched H-2 d males were used to sire allogeneic pregnancy, or if H-2 k -2W1S-OVA + microchimeric maternal cells were depleted using anti-OVA antibody prior to mating with non-transgenic H-2 k CBA/J male mice (Fig- ure 5B). Thus, persistent postnatal tolerance to NIMA protects against fetal wastage triggered by prenatal infection.
To further extend this analysis to non-infectious disruptions in fetal tolerance stemming from blunted expansion of maternal Tregs (e.g., spontaneous abortion, preeclampsia) (Jiang et al., 2014; Santner-Nanan et al., 2009; Sasaki et al., 2004) , the protective benefits of NIMA-specific tolerance on fetal wastage triggered by partial depletion of bulk maternal FOXP3 + Tregs during allogeneic pregnancy were investigated. Diphtheria toxin administration to female mice heterozygous for co-expression of the high-affinity human diphtheria toxin receptor (DTR) with FOXP3 during pregnancy causes partial transient depletion of bulk maternal Tregs to levels comparable to virgin control mice with disruptions in fetal tolerance and ensuing fetal wastage (Kim et al., 2007; Rowe et al., 2011; Rowe et al., 2012b (Figures 6A and 6B ). Taken together, these findings demonstrate resiliency against fetal wastage conferred by persistent postnatal NIMA-specific tolerance encompasses both infectious and non-infectious perturbations in fetal tolerance during next-generation pregnancies.
DISCUSSION
Reproductive success in female placental mammals requires sustained maternal tolerance to immunologically foreign paternal antigens expressed by the developing fetus (Erlebacher, 2013; Munoz-Suano et al., 2011; Samstein et al., 2012) . Reciprocally, disruptions in fetal tolerance are increasingly recognized in spontaneous abortion, preeclampsia, and prematurity that occur commonly in human pregnancy (Jiang et al., 2014; Santner-Nanan et al., 2009; Wilcox et al., 1988; Blencowe et al., 2012; Duley, 2009) . Given this sustained backdrop of refining selection that likely occurs across all outbred mammalian species, conservation of phenotypic traits that improve reproductive fitness is a biological imperative.
Herein, this reasoning was applied to investigate the ontological conservation of NIMA-specific tolerance and maternal cell microchimerism across placental mammalian species (Andrassy et al., 2003; Bakkour et al., 2014; Dutta and Burlingham, 2011; Gammill et al., 2015) . Using mice with defined MHC haplotype alleles in multi-generational breeding that transforms MHC haplotype alleles into surrogate NIMA, we show sharply increased resiliency against fetal wastage in the presence of overlap between NIMA and paternal-fetal antigen encountered during next-generation pregnancies. Cross-generational reproductive benefits conferred by NIMA-specific tolerance shown here for mice are consistent with pioneering observations of reduced erythrocyte Rh antigen sensitization among Rh-negative women born to Rh-positive mothers (Owen et al., 1954) . However, while developmental exposure to this single minor alloantigen does not prevent hemolytic disease of the newborn (Booth et al., 1953; Owen et al., 1954) , we find broader non-inherited antigenic overlap between maternal grandmother and offspring that encompasses MHC haplotype alleles efficiently protects against fetal wastage (Figure 7) . By establishing clear reproductive benefits for NIMA-specific tolerance applicable to all placental mammalian species, these results highlight broad evolutionary advantages for persistent postnatal NIMA-specific tolerance beyond averting anti-maternal immunity for human and other species with comparatively more developed fetal adaptive immune components at the time of birth (Mold and McCune, 2012; Mold et al., 2008) .
Dissecting the mechanistic relationship between NIMA-specific tolerance and microchimeric maternal cells that both persist in offspring through adulthood requires strategies for precisely identifying NIMA-specific immune components along with manipulation of microchimeric maternal cells. Prior limitations restricting these analyses were simultaneously bypassed by transforming defined model antigens into surrogate NIMA using female mice heterozygous for a transgene encoding constitutive expression of model antigens for breeding with non-transgenic males ( Figure S1 ). Using antigen-specific tools, endogenous CD4 + T cells with surrogate NIMA specificity were shown to be highly enriched for expression of the Treg lineage defining transcriptional regulator, FOXP3 (Fontenot et al., 2003 ; Hori et al., 2003). By establishing NIMA specificity for this essential immune regulatory CD4 + T cell subset, these results extend previously described reversal of NIMA-specific tolerance by depleting of bulk CD4 + T cells or Tregs (Akiyama et al., 2011; Matsuoka et al., 2006; Mold et al., 2008; Molitor-Dart et al., 2007) . In turn, protection against fetal wastage conferred by expanded Tregs with shared NIMA plus fetal specificity also reinforce beneficial properties of expanded maternal Tregs with pre-exiting fetal specificity retained after prior pregnancy in partner-specific protection against complications in subsequent pregnancy (Campbell et al., 1985; Rowe et al., 2012b; Trupin et al., 1996) . More importantly, the concurrent ability to deplete maternal cells retained in offspring allowed us to definitively establish the causative relationship between microchimeric maternal cells and postnatal persistence of NIMA-specific tolerance. Similar to the necessity of low-level exposure to cognate antigen in numerical maintenance of ''memory'' effector CD4 + T cells with foreign microbial specificity (Belkaid et al., 2002; Nelson et al., 2013; Uzonna et al., 2001) , sustained expansion of NIMA-specific Figure S4 .
preserving tolerance to NIMA along with non-inherited genetic alleles within a population (Figure 7 ). In the broader context, these results indicate genetic fitness, canonically thought to be restricted to transmitting only half of homologous chromosomes through Mendelian inheritance, is enhanced in female placental mammals to also promote conservation of non-inherited antigens by vertical transmission of tolerogenic maternal cells that establish microchimerism in offspring. However, in nature, this engrained drive for genetic fitness in each individual is likely counterbalanced by pathogenmediated selection for MHC diversity across the entire population (Spurgin and Richardson, 2010) . Nonetheless, our findings suggest more extended cross-generational analysis will illuminate the ongoing controversy regarding how MHC haplotype similarity impacts mate selection and pregnancy outcomes (Chaix et al., 2008; Israeli et al., 2014; Ober et al., 1997) . Finally, reproductive advantages actively maintained by tolerogenic microchimeric maternal cells underscore the need for renewed consideration of immune tolerance from the intriguing perspective of constitutive chimerism beyond engrained pillars of binary ''self'' versus ''non-self'' antigen distinction defined using genetically homogenous inbred mice that artificially eliminates cross-generational tolerance (Jenkins et al., 2010; Nelson, 2012 DTR/WT pregnant females were administered purified diphtheria toxin daily (SigmaAldrich, USA) (0.5 mg first dose, followed by 0.1 mg/dose) beginning midgestation (E11.5) for 5 consecutive days, and the frequency of fetal resorption evaluated E16.5. All experiments were performed using sex and agematched controls under Cincinnati Children's Hospital IACUC approved protocols.
Tetramer Enrichment and Flow Cytometry
Cell surface staining with phycoerythrin (PE)-conjugated MHC class II I-A b :2W1S 55-68 tetramer followed by enrichment using anti-PE-conjugated magnetic beads (Miltenyi Biotec) have been described (Moon et al., 2007; Moon et al., 2009; Rowe et al., 2012b) . To identify CD4 + T cells with I-A b :2W1S specificity, cells in secondary lymphoid tissue (spleen plus axillary, brachial, cervical, inguinal, mesenteric, pancreatic, para-aortic/uterine lymph nodes) of each mouse were combined, enriched with PE conjugated I-A b :2W1S 55-68 tetramer, and stained for cell-surface CD4 (GK1.5), CD8a
(53-7.3), CD25 (PC61), CD44 (IM7), CD11b (M1/70), CD11c (N418), B220 (RA3-B62), F4/80 (BM8), along with intranuclear FOXP3 (FJK-16 s) or Helios (22F6) expression using commercially available antibodies and cell permeabilization reagents (BD PharMingen or eBioscience). For cell surface ovalbumin expression, cells were stained initially with polyclonal rabbit a-OVA (EMP Millipore) or IgG isotype antibodies followed by secondary staining with PE conjugated anti-rabbit IgG (eBioscience) antibody. Cells stained with fluorochrome-conjugated tetramer and/or antibody were acquired using a FACSCanto cytometer (Becton Dickinson) and analyzed using FlowJo (TreeStar) software.
Bacteria
For infection, Listeria monocytogenes (wild-type strain 10403s) was grown to early log phase (OD 600 0.1) in brain heart infusion media at 37 C, washed, and diluted with sterile saline, and inoculated intravenously via the lateral tail vein (10 4 CFUs) at midgestation (E11.5) as described (Chaturvedi et al., 2015; Rowe et al., 2011) . The inoculum for each experiment was confirmed by spreading diluted aliquots onto agar plates. Five days thereafter, fetal resorption and in utero bacteria invasion was evaluated by sterilely dissecting each concepti, homogenization in sterile saline containing 0.05% Triton X-100 to release intracellular bacteria, plating serial dilutions of each concepti homogenate onto agar plates, and enumeration after incubation at 37 C for 24 hr.
DNA Extraction and Quantitative PCR
The heart, liver, uterus, or prostate was sterilely dissected, and DNA extracted from each tissue using the QIAamp DNA extraction kit (QIAGEN 
Statistical Analysis
Where applicable, NIMA mice in each group were randomized for either administration of anti-OVA or isotype antibody, or for breeding with either NIMA-matched or NIMA-discordant MHC haplotype males. Considering data sets did not consistently show a normal distribution, differences between groups were analyzed using the Mann-Whitney non-parametric test (Prism, GraphPad); and p < 0.05 was taken as statistical significance.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and can be found with this article online at http://dx.doi.org/10.1016/j.cell.2015.07.006.
AUTHOR CONTRIBUTIONS
J.M.K., T.T.J., J.M.E., L.X., and B.S.S. performed the experiments. All authors participated in the experimental design and data analysis. J.M.K. and S.S.W. wrote the manuscript with editorial input from all the authors.
